We present an experimental approach to construct a dephrasure channel, which contains both dephasing and erasure noises, and can be used as an efficient tool to study the superadditivity of coherent information. By using a three-fold dephrasure channel, the superadditivity of coherent information is observed, and a substantial gap is found between the zero single-letter coherent information and zero quantum capacity. Particularly, we find that when the coherent information of n channel uses is zero, in the case of larger number of channel uses, it will become positive. These phenomena exhibit a more obvious superadditivity of coherent information than previous works, and demonstrate a higher threshold for non-zero quantum capacity. Such novel channels built in our experiment also can provide a useful platform to study the non-additive properties of coherent information and quantum channel capacity.
Introduction.-Channel capacity is at the heart of information theory and is used to quantify the ability of a practical communication channel to transmit the information from a sender to a receiver. Regarding the quantum channel ε, the notion of channel capacity has multiple formulations in different settings: classical capacity C(ε) [1, 2] , which denotes the ability of the channel to deliver classical information; entanglement-assisted classical capacity C E (ε) [3, 4] , which shows the same ability when the sender and receiver share some entanglement resources; and private capacity P (ε) [5] , which describes the maximum classical bit that can be transmitted while negligible information can be intercepted by third parties. In quantum communication theory, the ability to convey quantum information is denoted as the quantum capacity Q(ε) [6] [7] [8] [9] , which is defined by the maximum of coherent information I c . Many recent studies focused on exploring various properties of quantum capacity [10] : for example, the lower bounds of quantum capacity in a noisy quantum channel have been detected [8, 11] , and the upper bounds of quantum capacity are derived in thermal attenuator channels [12] .
The amount of coherent information present in a quantum channel plays a central role in quantum communication. The quantum capacity of a channel [10] can be computed using the methods of Lloyd, Shor and Devetak [6, 13, 14] , while coherent information itself can be considered analogous to the role of mutual information in classical channels. In contrast to the mutual information, which is additive in classical channels, coherent information exhibits superadditivity. Consequently, the quantum capacity cannot be computed by a single optimization like the classical one [15] , which makes the measurements of quantum capacity challenging. For this reason, the superadditive properties of coherent information becomes important in computing the quantum capacity [16, 17] . The first example of superadditivity is given by DiVincenzo et al. [7] , and then has been extended by Smith et al. [18] , in which they provide a heuristic for designing codes for general channels. Just recently, Cubitt et al. [15] find that for any number of channel uses, channels exist for which there is positive capacity and zero coherent information.
These additive-violated results indicate our limited understanding of the superadditivity of coherent information, and the limitations in studying the quantum capacity. These limitations come down to the fact that we do not have a useful tool to exhibit the superadditive phenomenon of coherent information, especially in an experimental testing. Therefore, to understand the coherent information and, directly, the quantum capacity more efficiently and profoundly, a family of quantum channels that can exhibit non-additivity is urgently needed.
In this letter, we build a dephrasure channel [9] that can exert both the dephasing and the erasure evolution on the input state. Assisted by this antidegradable channel, the superadditivity of coherent information has been studied. By coding the information with different numbers of photons and applying the corresponding number of channel uses, we find that a substantial gap of coherent information exists between the n-and (n + 1)-letter level. This evidence well demonstrates the superadditive property of the coherent information and also shows a channel with zero coherent information can have positive capacity [15] . The results obtained in our study provide a deeper understanding of the nonadditivity of coherent information, and supply a solid basis for inspiring many new ideas on coherent information and quantum capacity.
Coherent information, dephrasure channel, and experimental setup.-The quantum capacity Q(ε), which describes the capability of the channel to convey quantum n -f o ld d e p h ra s u re c h a n n e l information, can be quantified by the maximum of coherent information. The quantity of coherent information I c , depends on the properties of the channel, and is also strongly related to the form of error-correcting code used in the communication [7, 17] . Thus, the additive property of I c will also vary accordingly [9] . The quantum capacity of a noisy channel ε can be expressed as [5, 6, 19 ]
where Q n (ε) = 1 n max ρ {I c (ρ, ε n )}, and I c (ρ, ε n ) = S(ε n (ρ)) − S[ε c n (ρ))] expresses the coherent information of the channel [20, 21] . Here, S(·) is the von Neumann entropy, and ε c denotes the complementary channel of ε. Clearly, to study the quantum capacity, the properties of coherent information are an important target to conduct research and exploration, especially superadditivity. However, studies of the superadditivity of coherent information are very limited [9] , which causes difficulties in understanding quantum capacity.
To address this challenge, we construct a dephrasure channel with a different number of uses ( Fig. 1 , middle part). This channel contains both dephasing [22] and erasure [23, 24] noises, and can be used to study the superadditivity of coherent information since its antidegradability. According to Ref. [9] , this dephrasure channel can be expressed as:
where p and q (p, q ∈ [0, 0.5]) denote the dephasing and erasure noise strength in the channel, Π = n ·σ (σ are the Pauli operators), and |e denotes the erasure flag basis which is orthogonal to the input space. This channel can be efficiently realized with an optical setup by controllable qutrit evolution, and the error-correcting codes can be prepared by a multiphoton entangled source. Fig. 1 presents our experimental setup, which can be recognized as four parts: (i) the state preparation platform, which contains a multiphoton-entangled source [25] (not presented in the figure); (ii) three-fold dephrasure channel; (iii) an additional identical channel, which acts as a complementary channel as well as remote state preparation; and (iv) tomography device for the qutrit state. In our experiment, we use spontaneous parametric down conversion process to create a four-photon GHZ state as [25] , which can be used to construct the repetition codes applied in the communication, and the corresponding purification codes for coherent information measurements (the details of the photon source can be found in Supplemental Material [26] ). The dephrasure channel [ε p,q (·)] is constituted by two types of sub-channels: dephasing and erasure channels. In the dephasing channel, the input qubit state, 1/ √ 2(|0 + |1 ) (|0 and |1 are the two orthogonal bases in the path degree of freedom), will suffer a dephasing evolution. It is realized by a pair of BD, two sets of waveplates [28, 29] , and a dephasing box that contains a PPs-EOM set. This structure converts the path into the polarization degree of freedom and can achieve the dephasing to a very small degree as well as at arbitrary directions. By adding the PP into the channel and adjusting the voltage on the EOM(see Supplemental Material [26] for the details), we can control the degree of decoherence (represented by p) of the state. The erasure channel will add a flag state |e into the input state, which transforms the original qubit state into a qutrit state. It is realized by adjusting the proportion of photons residing in the flag basis |e through shifting the variable attenuator in the experiment. This allows us to change the erasure strength q from 0 to 0.5. A 0.5-m fiber in the path of |e ensures that the flag state merges into the input qubit state incoherently, which satisfies the evolution expressed by Eq. (2). In the experiment, we build a threefold dephrasure channel and let each photon go through the channel simultaneously. An additional photon and the identity channel ε (n+1) = I are used to build the complementary channel ε c n = ε
p,q ⊗ I, which will be used in the coherent information measurements. The final state is obtained by qutrit state-tomography process using QWP and HWP pairs, 2 BDs, PBS, and SPADs. Then, the coherent information of the channel can be extracted from the state-tomography results of the final state ε(ρ) and ε c (ρ).
Experimental results for coherent information in dephrasure channel.- Figure 2 presents the experimental results of single-letter coherent information I c (ε). For simplicity and without loss of generality, in our experiment, the dephrasure channel is fixed along the Z dephasing direction, i.e., Π =σ z . Thus, the best choice of ρ has the form of λ|0 0| + (1 − λ)|1 1| where λ ∈ [0, 1], because this state will not suffer from the Z dephasing [9] . To measure the I c (ε), two entangled photons have to be used in the experiments. First, one of the photons, which is prepared as ρ, is sent into the dephrasure channel (denoted by ε (1) p,q in Fig. 1 ). Since the two photons are entangled, the abovementioned photon state can be remotely prepared by the second photon, which will be sent into the complementary channel (see Supplemental Materials for details [26] ). Then, its entropy can be read out by state tomography at the end. As for the complementary term S[ε c p,q (ρ)], we can obtain it from a purified state ρ [7, 9] , where ρ = |φ φ|, and |φ = √ λ|0 |0 + √ 1 − λ|1 |1 . Therefore, the measurements of S[ε c p,q (ρ)] map to measurements of S[ε (1) p,q ⊗I(ρ )] (ε (2) = I is an identity channel, presented at the top of Fig. 1) . Similarly, the entropy can be obtained by the bipartite tomography results.
To obtain I c (ε), we have to determine an optimal input state (i.e., the optimal value of λ) for communication under the specific channel parameters. In Fig. 2(a) , we measure the coherent information with various λ and p when the erasure strength is set as q = 0.3. It is easy to check that when λ increases, the coherent information converges at approximately λ = 0.5. While the dephasing strength becomes larger, the coherent information converges at a relative early stage; see the inset of Fig. 2(a) . Fig. 2(b) shows the coherent information obtained under various channel parameters p and q. It is clear that coherent information decays along with the increasing dephasing and erasure strength. The red curve [q < (1−2p) 2 1+(1−2p) 2 ] denotes the boundary for I c (ε) ≥ 0 [9] . Although these results are not the main objective in this study, the data obtained under the single-letter level paves the way for the following studies.
Testing the non-additivity of coherent information.-The most interesting aspect of the dephrasure channel is the superadditivity of coherent information, which means that a higher communication rate can be achieved when n ≥ 2 than previously expected. To obtain a higher coherent information, the repetition code has to be used in the communication. In this experiment, we use the weighted repetition code ρ n = λ|0 0| ⊗n +(1−λ)|1 1| ⊗n (n ≥ 2) for communication and demonstrate that under multi-letter level the coherent information exhibits the superadditive property. First, we put our focus on the two-letter level (n = 2). In this situation, three entangled photons have to be used: two-photon maximally mixed state is used to measure S(ρ 2 , ε 2 ); three entangled photons are used as the state ρ = |φ φ| (where |φ = √ λ|000
p,q ⊗ I). Here, we use the quantity ∆ to verify the non-additivity of coherent information between the single-and two-letter levels, i.e.,
, for simplicity, we can perform the measurements in this area. In Fig.  3 , we plot the positive part of ∆ for various p, and q. The physical meaning of ∆(p, q) is clear: it provides a measure of how greater the communication rate is in the two-letter case compared to the single-letter case. This phenomenon clearly demonstrates the superadditivity of coherent information, i.e., Q n (ε n ) ≥ I c (ε). Figures 3  (a)-(d) shows that when the erasure strength is light (a relatively small q), the non-additivity phenomenon happens at a relatively large dephasing strength (a relatively large p). The non-additive peak will move to the left along with an increasing q. During this process, we can find a pair of specific channel parameters to obtain the largest non-additivity value ∆(p, q). From Figs. 3 (a) and (b), we determined that the optimal p, q are located at p ∈ [0.09, 0.15], and q ∈ [0.30, 0.35]. To accurately determine the optimal parameters, we experimentally measure ∆(p, q) in a more detailed area (see Supplemental Material for the results [26]), and find that the largest ∆(p, q) is located at q 3p [9] .
We now study the superadditivity of coherent information in multi-letter situations, where we extend our exploration up to the three-letter level using four entangled photons. On the basis of the abovementioned results, for simplicity, we fix the erasure strength to q = 3p, and vary the dephasing strength p from 0.1115 to 0.1195, as shown in Fig. 4 . In this region, we determine that the coherent information measured under n = 2 (denoted by blue circles), and n = 3 (denoted by orange squares) always exceeds the quantities under single-letter level (denoted by gray triangles). Therefore, we can conclude that in the dephrasure channel, the quantum capacities under multilevel cases indeed exhibit their advantages. In addition, in the inset in Fig. 4 , we show an extreme situation in which the coherent information under multi-letter levels will exist even when zero coherent information exists in the single-letter case. To reveal this phenomenon, we measured in detail the region p ∈ [0.1185, 0.1200]. By adjusting the voltage added to the EOM in the dephasing box, we can fine-tune the dephasing strength p, and obtain the results which show that coherent information is still present under the multi-letter cases, where none exists in the single-letter case. What's more, we also find that while coherent information ceases to exist in the two-letter case, it remains present in the three-letter case. This evidence proves that for the channel with unbounded number of uses, the coherent information of nletter level is zero, but in the (n + 1)-letter level case, the coherent information is strictly positive. In the previous examples, two channel uses are already sufficient. This phenomenon observed in experiments provides a strong evidence to refute the previously understood, and demonstrates that a channel with zero coherent information can have a positive capacity [15] . Discussion and conclusion.-Besides the quantum codes used in our experiments, it is interesting to study some codes that have entanglement, because the nonlocal correlations between the photons can resist part of the noise, and may have advantage in some certain situations [17, [30] [31] [32] . Recently, neural network coding form [33] also shows the potential ability to yield high coherent information. Furthermore, we can see that a larger number of channel uses is necessary for detecting positive coherent information. An interesting phe-nomenon is to detect a non-zero coherent information at (n + 1)-letter level, while n∼single-letter level is zero. Namely, Q n (ε) = 0 but Q(ε) > 0 [15] . In such a situation, multi-qubit entangled states are needed in the tests, and this requires additional SPDC sources [34] , or other encoding forms, like time-bin encoding [35, 36] .
In our experiments, we applied various repetition codes and different numbers of channel uses to detect the coherent information in a dephrasure channel, which has a "dephasing + erasure" structure and is useful to study the non-additivity. Based on the observed results, we find a significant difference between the zero n-letter and zero (n+1)-letter coherent information (up to three-letter level, i.e., three channel uses). Namely, the coherent information for n uses fails to exhibit the dephrasure channel has quantum capacity, but the channel capacity can be disclosed by measuring the I c under a larger number of channel uses. These evidences confirm the superadditivity of coherent information, and a direct corollary is that a finite number of channel uses is not sufficient for measuring the quantum channel capacity. This work provides the first demonstration of a dephrasure channel. Our reliable data pave the way for the future study of the non-additivity of coherent information, quantum capacity, as well as this newfashioned dephrasure channel.
The photons for encoding the input state come from the spontaneous parametric down conversion (SPDC) process, same as the setup shown in Ref. [1] . The photons then pass through 3 nm bandpass filters. In order to determine the degree of dephasing under different relative delay, we measure the dynamical property of the decoherence. The results are shown in Fig. S1 . We find when we add 392λ relative delay, the degree of coherence is already reduced to 0.0011. Then we fit these data with a Gaussian-decay model, a × e − λ 2 ω 2 . According to the data at hand, the fitted values are: a = 0.986, and ω = 1.357 × 10 −4 . Then, we can map the noise parameter p to the corresponding dephasing degree, and then, a specific relative delay.
For adjusting the noise parameter p accurately, we use a PPs-EOM set. The phase plates can coarse control the dephasing degree. However, in this experiment, we need to perform a very small change in p. For example, in the inset of Fig. 4 , the smallest change is ∆p = 0.0003. This involves a small phase change within 2π. Although some ordinary methods, like tilting a pair of phase plate, can also achieve this change, the accuracy and stability are not enough. Because of this, we apply an EOM (ConOp- tics Model 360) to achieve this by varying the applied voltage. EOM can realize a fine adjustment on the relative delay within 2π. The test results are shown in Fig.  S2 . From the results, we find the first maximal photon count is located at -30 V. Through further increase in the voltage (going through 2π phase change), the next maximal photon count locates at 125 V. Thus, we can see that changing 155 V on EOM can add 2π (one λ) relative delay. The adjustment accuracy of EOM is 1 V, so the minimum adjustment accuracy will be 1/155λ, namely, as for parameter p, the minimum adjustment accuracy is ∆p min =8.229×10 −6 . Therefore, the PPs-EOM set can achieve the requirement.
REMOTELY PREPARING THE INPUT STATE
The input photon state is initially prepared as the GHZ state |Φ + = 1 √ 2 (|H ⊗n +|V ⊗n ), which can be rewritten as |Φ + = 1 √ 2 (|ψ |ψ + |ψ ⊥ |ψ ⊥ ) with |ψ representing an arbitrary pure n − 1 qubit state and |ψ representing the state of the last photon. |ψ ⊥ and |ψ ⊥ represents the corresponding orthogonal states. When the photon at complementary channel is detected on the basis of |ψ , the other photon at n-fold dephrasure channel automatically collapses to the state of |ψ . In such a way, any pure input state for the evolution can be remotely prepared [2] . The preparation of the mixed input state is also feasible.
For the mixed state ρ=λ|H H| ⊗n−1 + (1 − λ)|V V | ⊗n−1 , we can rotate the state |Φ + into √ λ|H ⊗n + √ 1 − λ|V ⊗n ) by a HWP, and then project the photon in the complementary channel into 1 2 (|H H| + |V V |).
DETERMINING THE OPTIMAL PROPORTION OF NOISE PARAMETERS
In order to clearly observe the superadditivite phenomenon, we need to find the optimal proportion of noise parameters p and q. According to Ref. [3] , the superadditivity exhibits in the region f 1 (p) < q < f 2 (p), where f 1 (p) = 1−2p−2p(1−p) ln 1−p p 2−2p−2p(1−p) ln 1−p p , f 2 (p) = (1−2p) 2 1+(1−2p) 2 . Fig. 3 in the main text shows some results about the superadditivity. In these results, we have determined the optimal p and q are located at p ∈ [0.09, 0.15], and q ∈ [0.30, 0.35]. Thus, for determining the parameters more accurately, we need to do more measurements in this region.
In Fig. S3 , we measure ∆(p, q) when p = 0.325, 0.330, and 0.335. From the results, we find that the maximal ∆(p, q) appears at p = 0.11176 when q = 0.335. This evidence shows the optimal proportion of noise parameters is 2.997 (approximate to 3). In order to obtain a precise proportion, we also perform numerical simulations. Based on the experimental data at hand, we can control the noise parameters p and q, in the range of p ∈ [0.09, 0.15], and q ∈ [0.32, 0.34]. The corresponding result is shown in Fig. S4 , and the optimal proportion is determined at q = 3p.
